Badcground: Bulged nucleotides are common secondary structural motifs in RNA molecules and are often involved in RNA-RNA and RNA-protein interactions. RNA is selectively cleaved at bulge sites (when compared to other sites within stems) in the presence of divalent metal cations. The effects of bulge nucleotides on duplex stability and topology have been extensively investigated, but no detailed X-ray structures of bulge-containing RNA fragments have been available.
Introduction
RNA can form a number of diverse secondary structural elements, including double helices, hairpin loops, singleand multiple-base bulges, internal loops and pseudoknots. This structural flexibility provides the framework for the numerous biological functions of RNA molecules [ 11. Bases that lack a pairing partner on the opposite strand, known as bulges, are an abundant feature of postulated and established secondary structures [Z] . Bulge nucleotides have been shown to be important for protein binding [3] [4] [5] [6] , and they are involved in the tertiary folding of large RNAs 171. A bulged adenosine in the translational operator of the bacteriophage R17 replicase gene is essential for specific binding to the R17 coat protein [8, 9] . An unpaired adenosine in helix II of Eschendia co/i 5S RNA, which also occurs in homologous RNAs from other prokaryotes, is believed to be important for the binding of the ribosomal protein L18 to the helix II-helix III region of the RNA (see [lo] and papers cited therein).
Functionally
important single-adenosine bulges are found at key sites in self-splicing group I, group II and nuclear pre-mRNA introns [ 1 l-181. Interhelical and loop regions were observed to have preferential affinity for Pbz+ binding, and it was suggested that flexible and dynamic portions of RNA molecules are highly sensitive to Pbz+ cleavage [19] . This is consistent with the locations of the two major and a few of the minor Pb2+ cleavage sites in the catalytic-core structure of group I intron RNA [ZO] . Efficient cleavage occurs adjacent to a bulge nucleotide of the substrate-binding site in the P7 stem, indicating that Pbz+ can cleave at locations where divalent metal ions involved in catalysis bind. Oligonucleotides that pair with an RNA single strand, but leave one or two bases unpaired, were observed to cause RNA self-cleavage 3' to the bulge residue in the presence of a range of divalent metal cations, providing an attractive extension of the antisense strategy (D. H&ken and colleagues, unpublished data). This cleavage is mediated by the 2'-OH of the bulge nucleotide ribose, and produces a 2',3'-cyclic phosphate and a free 5'-hydroxyl group.
Bulges generally destabilize RNA duplexes, and the extent of destabilization is often dependent on the length of the bulge loop [Zl] . Bulges formed by A, or U, (where n indicates the length of the bulge loop) have similar stabilities in RNA duplexes. The actual loss of stability caused by a bulge depends on the flanking sequence, but non-nearest-neighbor interactions also affect the free energy increments in RNA duplexes [Zl,Z?] . In DNA duplexes, bulges located on an all-purine adenosine strand and thus between two purines were observed to be more stable than those on an all-pyrimidine thymidine strand, between two pyrimidines [23] . It was suggested that this may be due to the smaller cost of energy for disrupting the pyrimidine-pyrimidine stacking interactions compared with those for disrupting the purine-purine stacking interactions. In RNA duplexes, however, no differential effect was observed between bulge residues in all-purine or all-pyrimidine strands [Zl] . Single-purine bulges seem to destabilize a duplex to a somewhat greater extent than single-pyrimidine bulges, both in DNA [23] and RNA [24] . This would imply that bulges affect RNA A-form and DNA B-form duplexes in a similar fashion. Similarly, both the DNA duplex [ '25,26] and the RNA duplex (e.g. [27] ) can be bent as a consequence of bulges. In contrast, stacking in the DNA B-form duplex tends to occur between bases of the same strand, whereas interstrand stacking is much more important in the RNA A-form duplex, suggesting that the conformational behavior of bulges in RNA and DNA duplexes may be different.
Relatively little is known about the detailed effects of bulges on RNA stem conformation and about the influences of secondary structure on specific protein-RNA and RNA-RNA interactions. Gel retardation experiments have revealed a pronounced kinking at bulge sites [27-301, and chemical probing [31] and NMR experiments on RNA in solution ([32-341 and references therein) suggest that bulges probably cause a widening of the major groove. The actual conformations of unpaired bases -intrahelical or extrahelical -are affected by the nature of the base, the flanking sequence and interactions with proteins. NMR structural analyses in solution of DNA duplexes containing single-base bulges have demonstrated that an unpaired purine nucleotide is generally stacked into the helix [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] , whereas an unpaired pyrimidine nucleotide is either stacked into [45] or looped out of the helix [46, 47] , with the two states occasionally in a temperaturedependent equilibrium [47, 48] . An unpaired uridine within an eight-base-pair RNA duplex was found to be extrahelical in solution [49] . In the crystal structure of the bacteriophage MS2 coat protein-RNA operator complex, an unpaired adenosine is looped out and interacts with the protein. In the solution structure of the unliganded RNA operator, however, this nucleotide is intercalated between the neighboring base pairs ([9] and literature cited therein). The only X-ray crystal structure of a bulgecontaining oligonucleotide that has been determined previously, that of the 13-base deoxyoligonucleotide d(CGCAGAATTCGCG) (bulged nucleotide underlined), revealed that the adenosine of one strand is looped out of the helix whereas that on the opposite strand is stacked into the helix [SO] . The looped-out base is intercalated between a cytosine and a guanine base that are -6.8 A apart due to the insertion of the extra A residue in one strand, thus straightening the B-form double helix. The amount of bending of the duplex was -ZOO, comparable to that observed in the native Dickerson-Drew dodecamer d(CGCGAATTCGCG).
In the duplex, the stacking interactions between base pairs adjacent to the bulge site were only marginally affected.
To elucidate the effects of an unpaired nucleotide on the topology of an RNA duplex, we crystallized a short, bulgedoligonucleotide fragment. As single unpaired adenosines occur very frequently in secondary structures of biologically important RNA molecules, an adenosine was selected as the bulge residue. We report here the X-ray crystal structures of an A-form double helix, with a single unpaired adenosine per strand, in two distinct crystal lattices. The double helix is formed by a self-complementary, 1 l-nucleotide RNA-DNA chimera, containing five central deoxyribonucleotides,
including the bulged adenosine, flanked by three ribonucleotides on either side (Fig. 1) .
A chimeric strand was chosen for two reasons. First, in crystal structures of chimeras the RNA portion was shown to conformationally dominate the DNA. This occurred whether the duplex was an all-RNA/all-DNA hybrid [Sl], or consisted of chimeric RNA-DNA strands [S&54]. Thus, the overall conformation of such fragments in the crystal is usually of the RNA A-form. Second, RNA fragments containing a bulge are relatively easily cleaved in vitro when compared to other stem structures (but not when compared to random coil) at the phosphate group 3' to the bulge nucleotide in the presence of Mg2+ or other divalent metal cations (D. Hiisken and colleagues, unpublished data). Exclusion of Z'-hydroxyl groups at and around the bulged site prevents cleavage of the oligonucleotide under crystallization conditions that include metal cations.
The unpaired adenosine could in principle be accommodated at two sites within each strand ( Fig. l) , providing a larger variety of possible interactions between duplexes and thus an enhanced chance for formation of a good crystal lattice. In either conformation, strand cleavage is prevented by the presence of the flanking deoxyribonucleotides. Crystals grown in the absence of Mg2+, but in the presence of relatively high concentrations of spermine, diffracted to 2.8 A resolution, and crystals grown in the presence of moderate amounts of Mg2+ diffracted to 1.83 A resolution ( Table 1 ). The two crystal forms, termed spermine form and Mg form, feature different packing modes. Although the bulged adenosine is looped out in both of them, the backbone conformation around the unpaired residue differs fundamentally between the two structures. Here, we present the structures of the two Two possible secondary structures of the bulge-containing (red) chimeric RNA (purple) -DNA (green) duplex and residue numbering.
The bulged adenosine is wedged (a) between a purine and a pyrimidine, G3 and T5 (first strand), or (b) between two pyrimidines, T7 and CQ (first strand). In both crystal forms duplex (b) is observed.
bulge-containing duplex fragments, which reveal how the unpaired adenosines affect the topology of the A-form duplex. The structures also shed light on the conformational flexibility of bulge sites, and provide a structural basis for the observation that metal-assisted RNA strand cleavage occurs preferentially at bulge sites.
Results and discussion
The same loop site is seen in both crystal forms We will use nucleotides 1 to 11 of one strand to describe the conformational features of the sugar-phosphate backbone and the bulge base. In both the spermine-and Mg-form crystals, the duplex strands are related by crystallographic two-fold symmetry. Of the two possible sites for the bulge base in the duplex, both crystal forms adopt the conformation with the bulge base between T7 and C9 ( Fig. 1 b) . The preservation of the bulge site may simply reflect the higher thermodynamic stability of a bulge residing between the two pyrimidines T7 and C9 compared to that of a bulge between purine G3 and pyrimidine T5; the intrastrand stacking should be stronger in the latter case. Alternatively, adenosines looped out at positions 8 and 19 may result in interactions between duplexes that stabilize crystal lattices, shifting the equilibrium between the two possible conformations towards the one observed here.
Two arguments lead us to speculate that the observed bulged fragment is the thermodynamically more stable of the two. In RNA duplexes, single and multiple adenosine bulges flanked by two G residues were less stable than the corresponding bulges between two C residues [Zl] . Thus, the disruption or reduction of stacking interactions between two purine bases presumably causes greater loss of stability than the changes in the interactions between the two pyrimidine bases. In terms of lattice interactions, the two conformations shown in Figure 1 may not be as different as they first appear. In three-dimensional space, the adenosine bulges would jut out on the opposite side of the duplex in Fig. la relative to the one in Fig. lb . Thus, despite different relative orientations of bulges and grooves in the two cases, stacking interactions between terminal base pairs of adjacent duplexes in the lattice would be largely unaffected, supporting the notion that the bias in the sites of bulging is probably not due to mere lattice effects. The observed conformation also contains a purine-purine step (G3pA4), which provides stability through intrastrand stacking that is not present in the alternative conformation. The different sequences in the center of the two alternative structures (DNA portion) may account for further stability differences between them.
Alterations in duplex structure
The extrahelical orientations of the adenosine affect the duplex differently in the two crystal forms. The duplex portions around the bulge base are shown in Figure 2 . In the spermine-form structure (Fig. Za) , the bulge causes a more severe distortion of the regular A-form sugarphosphate backbone geometry (C3'-end0 puckers) than in Table 1 Crystal and refinement data for spermine-and Mg-form crystals. the Mg-form structure. Beginning in the central portion of the spermine-form backbone, the sugar puckers are converted to Cl'-6x0 (A6) and CZ'-endo types (T7 and bulge A8). Conversely, the only sugar pucker in the Mgform that deviates from the regular C3'-end0 type observed in A-form duplexes is the one in residue T7 (CL?'-endo), immediately preceding the bulge (Fig. Zb) . This difference is also illustrated in Figure 3 ; the 6 torsion angles in the spermine form deviate from the standard SC+ conformation for several nucleotides. The puckering modes observed here around the bulge probably represent common ways for an RNA backbone to react in a non-standard duplex situation, rather than a peculiar geometrical feature of the RNA-DNA chimeric duplex. CZ'-endo type sugar puckers have also been observed in and around bulge and hairpin loops in other RNA molecules (e.g. [32, 55] ).
The backbone conformation of the other strand in the region opposite the bulge is also different in the two crystal forms. In the spermine form, residue G4 adopts an extended backbone conformation, with (Y and y in the ap range, accompanied by subtle alterations in angles p and E ( Fig. 3 ) [56, 57] . In contrast, the bulge adenosine does not affect the backbone conformation of the opposite strand in the Mg form. These differences are probably due to alternative adjustments to the base-stacking interactions at the bulge site in the two duplexes (see below). In both forms, the conformation of the backbone portion 3' to the bulge appears more regular (Fig. 3 ).
In addition to the distinct geometries of the backbones, several characteristic differences in the base-stacking interactions occur between the two crystal forms. To simplify, one might refer to the duplex regions around the bulge in the spermine-and Mg-form duplexes as the interstrand and intrastrand stacking models, respectively, as illustrated in Figure 2 . In the spermine-form duplex, the slide (relative shift of base pairs along their long dimension) between base pairs T7gA1.5 and C9*G14, and the one between the latter base pair and GlO*C13 are regular ( Fig. Za) . This generates overlap between bases from opposite strands, a common feature in A-RNA. In the duplex region around the bulge in the spermine form, it appears that the bulge adenosine is pulling base pair T7eA15 out of the stack. By comparison, there is much more intrastrand stacking around the bulge site in the Mg-form duplex, where the two base pair steps preceding the adenosine bulge have considerably reduced sliding (by -1 A). This results in increased intrastrand stacking, which is visible in Figure 2b for the bases of purines A15 and G14. This increased intrastrand stacking may make an important contribution to the presumably higher stability of the A8/A19 bulge duplex relative to the alternative A4/A15 bulge (Fig. 1) .
The different ways to maximize stacking between the base pairs flanking the bulge are also evident from the varying helical twists between base pairs T7*A15 and C9*G14 in the two duplexes. In the spermine form, the larger slide is compensated by a smaller twist (26"), whereas the more B-DNA-like slide value in the Mgform is accompanied by a regular twist of 33". In both duplexes, the greatest rise occurs at the A6pT7 step (3.3 A), and the helical rise is generally increased in the central part of both duplexes. Thus, the two duplexes have the local conformational plasticity of an A-form duplex and represent two alternative ways to accommodate a bulged residue.
Figure 3
The backbone torsion angles in the spermine-form (red) and Mg-form (blue) duplexes demonstrate the differences in the sugar-phosphate backbone geometry. The bulge adenosine is located at position 8 in both cases. Except for torsion angle B, which lies in the ap range in both cases, the conformations of the unpaired adenosine are entirely different in the two crystal forms. As noted above, the bulge affects the geometry of the adjacent duplex region in the spermine form, but is incorporated into the Mg-form duplex with virtually no alteration in the neighboring backbone region ( Fig. 3 , e.g. angles y and E on the 3'-side). All other backbone torsion angles of the bulge adenosine adopt different conformations in the two structures. Not only are the sugar puckers of that nucleotide different, but its glycosidic torsion is in the .syn range in the Mg form and is in the anti range in the spermine form. In the latter crystal form, the non-standard RNA puckering of the residues preceding the bulge results in an orientation of the bulge nucleotide deoxyribose that is roughly perpendicular to that in the Mg-form (Fig. 2) . Thus, relative to the sugars of the nucleotides flanking the bulge adenosine, its own sugar is inserted into the oligonucleotide strand with more or less opposite polarity in the spermine form. By comparison, the sugar orientation of the adenosine in the Mg-form follows the orientation of the sugar moieties in the rest of the backbone in an almost seamless manner.
The conformation of the sugar-phosphate backbone at and around the bulge site in the spermine-form structure is remarkably similar to that observed for a uridine bulge (flanked by G residues) in an RNA duplex, based on a combination of model-building and NMR solution structures [49] . None of the torsion angles deviates by more than 25" between the two structures. In the NMR model the uridine is also looped out and its sugar and the one from the 5'-adjacent G have CZ'-endo puckers. The structure trapped in the spermine-form lattice, with certain residues adopting B-DNA type sugar puckers, thus seems to be representative of the structures adopted by RNA duplexes containing an unpaired nucleotide, not a structure imposed upon the RNA by the central DNA portion.
Bulged duplexes are kinked with enlarged major grooves In the crystallized fragments, the adenosine bulges are located on opposite strands, separated by four base pairs. This places them on the same side of the duplex, approximately above one another (Fig. 4) . The base planes are protruding from the backbone nearly perpendicular to the axis of the helix, completely withdrawn from the grooves. The phosphate group of residue C9, adjacent to the adenosine bulge on the 3' side, is turned inward to the major groove in both crystal forms (Figs 2,4) . Beginning at nucleotide A6 and including its phosphate group, the backbone to the 5'-side of the bulge in the spermine form is rolled into the minor groove, resulting in a pronounced narrowing of that groove (Figs Figure 4 4b, 5). This contraction of the minor groove between the two looped-out A nucleotides is accompanied by kinks of the helix between base pairs T7*A15 and C9*G14 (G3*C20 and A4eT18 at the opposite end) (Fig. 4a) . The kink per adenosine bulge in both structures is about 10"; because the bulges are on the same side of the duplex, they bend the fragment along roughly the same trajectory and thus by a total of about 20". This is evident from the almost straight appearance of the extended duplex in Figure 4b , and the prominent kink at the center between the bulges after rotating the duplex by 90" (Fig. 4a ).
The amount of kinking per adenosine in these structures compares well to the findings from a number of other techniques. Using fluorescence resonance energy transfer (FRET), the kinking in DNA and RNA duplexes has been shown to be of similar magnitude and of the order of 90" for a bulge containing seven A nucleotides (A,) [58] . Because the axial kinking has a roughly linear dependence on the bulge size, the estimated kink per unpaired nucleotide is -15". Similarly, the kinking per adenosine bulge of an RNA duplex, based on transient electric birefringence, was estimated to be -16" [59] , and the value of 85" observed for the kink in a loo-base-pair DNA fragment containing a central A, bulge [27] gives a kink of -12" for a single base bulge, assuming that the relationship between the bulge length and the degree of kink is more or less linear.
An important consequence of the kink in the backbone adjacent to the looped-out bases is the marked opening of the major groove in that region (Figs 4, 5) . In the spermine-form duplex, the groove is widened to about 8 A on average, or roughly twice its normal width, for almost a full turn between the bulges. Consistent with the more subtle conformational alterations caused by the bulge in the Mg-form duplex, the major groove is somewhat less enlarged (Fig. 5 ). Because the major groove is enlarged, the edges of bases lie completely exposed and are readily accessible to interacting molecules. Opening of the major groove is strongly asymmetric and occurs primarily on the 5'-side of the bulge. This is consistent with the observation that major groove accessibility extends further in the 5'-direction than in the 3'-direction in bulged RNA duplexes, based on purine N7 chemical modification studies [31] . The extent of major groove opening present in the spermine-and Mg-form duplexes, however, is greater than the relatively modest groove opening caused by a single nucleotide bulge as assessed by chemical alkylation experiments.
Lattice interactions of coaxlally stacked RNA helices
The spermine-form and Mg-form crystal lattices are both characterized by extensive stacking interactions between adjacent duplexes. In the spermine form, duplexes are
The bulged duplexes are kinked with enlarged major grooves and compressed minor grooves. (a) A view across the widened major groove (cyan) between the two bulges (green) opening to the left. Note the wider gap between the sugar phosphate backbones in the center compared with the standard topologies of the major groove above and below. To show the kink more clearly, we have generated an extended double helix by superpositioning three base pairs of standard A-form RNA duplexes on both termini of the bulged spermine-form fragment (the RNA portions of the Mg-form are similar). (b) The duplex rotated around the vertical by 90' and viewed into the compressed minor groove (purple) between the two bulges. The decamer duplex (gcg/ATAT/cgc), can be thought of as a molecule containing two trimer duplexes and a central tetramer duplex, with the two bulge-induced kinks at the trimer-tetramer junctions.
stacked head to tail (Fig. 6 ), creating infinitely long columns along the crystallographic six-fold axis. In the Mg-form coaxial stacking of duplexes is also observed, but the helices are oriented head to head (Fig. 7) . The stacking interactions between terminal base pairs in the spermine-form lattice resemble those occurring for a pyrimidine-purine step in a continuous duplex. Thus, although the twist angle at the junction between the two duplexes is considerably reduced in the spermine-form The duplexes have a widened major groove and a narrowed minor groove in the vicinity of the bulge. A plot of the major (0) and minor (A) groove widths in the extended RNA-DNA chimeric duplexes, based on the spermine-form (red) and the Mg-form (blue) crystal structures (see Fig. 2 ) is shown. The groove widths are defined as the shortest P.,,P distances minus 5.8 8, (the sum of the PO, van der Waals radii) and are plotted from one end of the duplex to the other. Bigger circles and triangles indicate P,,,P distances involving the phosphate of a bulge residue. lattice (Fig. 6b) , there is extensive interstrand stacking at this C(p)G step (phosphate group missing), common in RNA A-form duplexes. Coaxial stacking of helices within a single molecule makes an important contribution to the overall stability of large RNAs [60] , and has been observed in several large RNA structures [51,61-631. Coaxial stacking between helices also seems to be the common packing motif in most crystal structures of RNA oligonucleotide fragments [64] . In the crystal structure of an eight-nucleotide RNA, the interactions between the ends of stacked duplexes were found to mimic those in a regular GpC step [57] . The terminal base pairs featured an extensive intrastrand overlap, as expected for a purine-pyrimidine step. Coaxial stacking of helices in large RNA molecules and between duplexes in crystal lattices is thus governed by similar rules to those for base-pair stacking within the continuous duplex of an RNA stem.
In the Mg-form crystal, only the terminal guanine bases of duplexes stack on top of one another, with the cytosine portions involved in stacking interactions with the bulge adenosines from adjacent duplexes (Fig. 7b ). In the spermine-form crystal, packing causes stacking between bulge adenosines from two adjacent duplexes (Fig. 6b) . The N6/N7 edges of this A nucleotide face the minor groove formed at the interface of a third and a fourth duplex, which are stacked end to end so that the minor groove is nearly continuous (Fig. 6) . This arrangement is also stabilized by a C-H.,.0 hydrogen bond between C8 of the bulge adenine and the ribose 2'-hydroxyl group from the terminal G residue (2.89 A, Fig. 6b ). A similar relative orientation between the bulge base and a terminal G residue from an adjacent duplex is present in the Mg-form lattice. The bulge base in this lattice sits on top of a terminal cytosine base, in contrast to its position in the spermine-form lattice, where it is stacked on a symmetryrelated bulge adenosine (Fig. 7b) . Compared with the spermine form, the bulge base in the Mg-form lattice is slightly rotated with respect to the terminal guanine and shifted away from its ribose, leading to a stabilization of the COG-A base triple formed by a 2.97 A hydrogen bond between N7(A) and NZ(G) (Fig. 7b) . The spermine-form crystals are much less tightly packed than the Mg-form crystals, allowing the more extensive conformational deviations from the standard geometry that were observed for the spermine form duplex. The well resolved electron density maps produced by the relatively high resolution of the Mg-form data revealed the presence of two spermine molecules in this lattice. The spermines are engaged in proceed via either an in-line or adjacent mechanism; the latter requires a pseudorotation to position the attacking and leaving groups in axial or apical positions in the trigonal-bipyramidal transition state ([65,66] and references therein). A preorientation of the RNA backbone for an in-line displacement, such as that found for the formation of 2-S' linkages, dramatically enhances the cleavage rate [67] . RNA self-cleavage is probably facilitated at specific sites by deviations from a standard double-helical conformation, such as at stem-hairpin loop junctions or within loops (e.g. [68,69]) Molecular interactions in the Mg-form crystal lattice. (a) Looped-out adenosines from two symmetry-related duplexes (yellow and orange bonds; note the syn conformation of the bulge base) are shifted over the base planes of cytosines from terminal base pairs within end-toend stacked duplexes (having 5':5'/3':3' interactions), shown in green Since acceleration of RNA cleavage is dependent on conformation, and RNA self-cleavage reactions occur at bulge sites, we examined the orientation of a ?-oxygen modeled into the bulge, relative to the scissile P-OS' bond of the phosphate group 3' to the bulge adenosine. In the spermine-form duplex, the modeled bulge ?-oxygen is roughly adjacent to the 3'-phosphate group (Fig. 8a) . The 02'-P and P-OS' vectofs form a right angle and the OZ'.,.P distance is over 4 A. In the Mg-form crystal lattice, however, the altered bulge conformation results in a more open OZ'-P-05' angle, with a slightly reduced OZ'.,.P distance of 3.8 A (Fig. 8b) . This arrangement clearly represents the initial stage of an in-line replacement at the 3'-phosphate group; thus, a Table 2 Spermine interactions in the Mg-form crystal. and cyan. (b) The G*C-A base triples, which form the interface between stacked duplexes, viewed roughly along the normal to the bulged adenosine base plane. Color code as in Fig. 6 ; Watson-Crick hydrogen bonds are shown as dotted white lines, and the hydrogen bond between N7 of A and N2 of G is shown as a dotted orange line. numerous hydrogen bonds to phosphate groups and base atoms as well as to water molecules (Table 2) .
A conformational basis for RNA self-cleavage at bulge sites RNA self-cleavage occurs at sites containing single-or double-base bulges or base mismatches in the presence of a variety of divalent metal cations, such as Mg2+ and Zn2+ (D. H&ken and colleagues, unpublished data). With single-base bulges this cleavage proceeds via an attack of the Z'-hydroxyl group of the bulge nucleotide at the adjacent phosphate group on the 3' side, resulting in a 2',3'cyclic phosphate at the bulge residue and a free .5'-hydroxyl terminus. The deoxynucleotide bulge in the structures determined here can be thought of as an inhibitor of this cleavage reaction. Modeling the bulge residue as a ribonucleotide by attaching an OH group at its Z'-position, however, can provide clues about the conformational requirements in and around the bulge for an in-line mechanism of attack of the particular stable bulge conformation can preorient the RNA backbone for a self-cleavage reaction.
The accommodation of the bulge adenosine within the duplex causes an unusually close spacing between the phosphate oxygens from residues C9 and GlO on the 3' side of the bulge in both A-form duplexes (Figs 8, 9) . In the spermine form, the distance between OlP (C9) and OZP (GlO) is 3.95 A and thus well below the value commonly observed between phosphate oxygens for A-form duplexes. In the Mg-form duplex, the corresponding distance is 4.14 A. Consistent with the short distances between these phosphate oxygens, the P...P distances for the two residues are clearly below the 0 average distance in both the spermine (5.55 A, average 6.08 A) and the Mg-form duplex (5.24 A, average 5.98 A). The negative potential built up by the two adjacent phosphates seems to be an attractive coordination site for cations. It is very plausible that the 3'-phosphate group is activated for attack by the (presumably deprotonated) ?-OH of the bulge and that the 5'-leaving group is stabilized through ion coordination to that site.
Although the Mg-form crystals were grown from droplets that contained moderate amounts of magnesium chloride, we did not locate any Mg2+ ions in the electron density maps. One of the spermine molecules (residue 12 in Table  2 ) observed in the Mg-form crystal, however, coordinates to OlP phosphate oxygens of residues C9 and GlO. It is possible that, at the relatively high concentrations of spermine which were used for growing these crystals, the polycation is effectively competing with Mg2+ for the coordination to the activation site. Nevertheless, the Mgform crystal structure provides an excellent model for sitespecific RNA self-cleavage at bulge sites. It also provides an explanation for the location of the cleavage to the 3'-side of the bulge, which results from the relative orientations of attacking group and scissile bond and from the activation and stabilization of phosphate and leaving groups, respectively, through cation coordination.
Figure 9
Surface drawing of the bulged Mg-form duplex with an underlying skeletal model viewed across the major and minor grooves. The bulge adenosine is located at the lower right. The red patches indicate the location of the bridging and non-bridging phosphate oxygens, but do not represent the electrostatic potential distribution in a strict sense. The drawing shows the two closely spaced, negatively charged phosphate groups adjacent to the bulge on the 3'side and the coordinating spermine molecule (residue 12, Table 2 ). The modeled bulge 2'-oxygen is highlighted in pink, the cyan sphere is a water molecule, positively charged spermine nitrogen atoms are blue and carbon atoms are green, and hydrogen bonds are dashed.
Significance
Our results reveal three possible roles for nucleotide bulges in the control of RNA topology and recognition. First, the bulge causes a kink in the stem region of an RNA and thus can influence long-range interactions in large RNAs.
The kink of 10" per adenosine bulge observed in the A-type helices here is similar in magnitude to bulge-related kinking in RNAs as assessed by a variety of methods, both in solution and in the solid state. Second, the bulge widens the narrow major groove, predominantly on the St-side of the unpaired nucleotide, creating a conformation that allows RNAbinding molecules to probe the nucleotide sequence. The drastic expansion of the major groove between the bulged nucleotides in our crystal structures to almost twice its normal width is greater than we anticipated for a single-base bulge. This result is undoubtedly due in magnesium chloride to the crystallization buffer resulted in immediate quantitative precipitation of the nucleic acid fragment. This indicates that the adenosines are also looped out in solution, and that clamping of stacked A nucleotides from two duplexes by the metal ions could generate insoluble aggregates of high molecular weight. Such simultaneous Mg*+ coordination to the N7 atoms from two stacked purine bases was observed previously in a high resolution RNA crystal structure 1721. Crystallization solutions supplemented with Mg2+ were therefore slightly heated prior to the crystallization setups to avoid strong precipitation, and the concentration of Mg2+ was kept lower than the one for spermine tetrahydrochloride.
Mg-form crystals took several months to grow, and crystallization was generally preceded by precipitation. providing a structural basis for the involvement of these sites in interactions with proteins and in RNA folding
The M&form crystal structure provides a structural basis for the preferential ion-assisted self-cleavage of RNA in single-stranded regions, such as bulge loops. In addition, our crystallographic results are compatible with several bulge-related catalytic functions of RNA. The modeled 2'-OH of the bulge in the Mg-form structure is exposed on the surface of the duplex; the 2'-OH acts as the nucleophile in group II intron lariat formation and in the first step of the pre-mRNA splicing Replacement method, performing numerous rotationand translation searches around and along the four distinct two-fold rotation axes in Data were collected at room temperature on a Rigaku R-axis II image the enantiomorphic space group pair P6,22/P6,22 with several plate system. A total of 18394 reflections were collected and bulged and unbulged A-and Al-form duplex models. Models with alternative sites for the A-bulge in the chosen sequence were also taken into account, for example 5'-gcgATATAcgc (A4 model) and 5'-merged to 1034 unique reflections with an overall Rmerge of 7.5 %. gcgATAT&gc (A8 model) ( Fig. 1, RNA and difference (For,,-F,,,,) electron density in the vicinity of residues T7 and c9 (clearlv indicating a looped-out nucleotide) in maps based on the A4 modei ( Fig. 1 b) . The structure was refined with X-plor [731 and the final R-factor, including 23 water molecules between 10 and 2.8 1 er single strand, is 18.7 o/, (Fobs > 2u(Fobs) ). reaction, and a surface location would make sense for such functions.
A looped-out conformation of the A263 
